An optical method for nonintrusive spatially resolved measurements of asymmetric electric field distributions in dielectric liquids is presented. Using multiangular Kerr effect measurements the electric field distributions are reconstructed with mathematical techniques known from computer-assisted tomography. 
Introduction
In high voltage applications optical Kerr effect measurements have been used for a long time to determine the electric field (E-field) in dielectric liquids such as nitrobenzene and transformer oil (Refs. 1 and 2 and references therein). Being a path integrating method, however, the spatial distribution of the E-field along the measurement path can only be determined if a special symmetry or geometry of the experimental arrangement is assumed. This paper presents a measurement technique to obtain 2-D spatially resolved electric field distributions in liquids that show Kerr effect. The E-field distribution is reconstructed from multiangular Kerr effect measurements by mathematical methods known from computer-assisted tomography.
Computer-assisted tomography is an established technique in x-ray imaging for medical and other purposes (e.g., Ref.
3). Here a 2-D map of the x-ray absorption of an object is reconstructed from measurements of the line integrals of the x-ray absorption for many rays crossing the object at different angles. However, the principle of tomography, i.e., using multiangular integrated measurements (projections) of a parameter in an object to produce a 2-D map of this parameter, has applications in many other areas, for example, ultrasonic imaging, electron microscopy, and geophysics (Ref. 3 and references therein). Optical applications of tomography include studies on heat transfer 4 and combustion processes. 5 -7 Spatially resolved data of electric parameters such as potential, E-field, and space charge in dielectric liquids are of great importance, for example, in Kerr cell applications and in the design of oil insulated transformers. The electric field distribution (and thus also the other parameters mentioned above) can often be determined by theoretical calculations. However, surface flashover and similar problems often encountered demonstrate that the practical situation may not be fully theoretically understood. Thus measurements are needed both as a complement to the theoretical calculations and as an aid to improve the theoretical models. There are basically two techniques to measure electric fields in liquids, potential probe methods and optical methods based on the Kerr effect. 8 The potential probe method uses a small metal probe, insulated everywhere except at the tip, which is placed in the dielectric liquid. This method has the advantage of yielding point potential measurements. Through movements of the probe the E-field can be calculated using E = -v U. A disadvantage is that the probe is in contact with the dielectric medium and may thus disturb the electric field distribution or cause breakdowns. Optical Kerr effect measurements are, like most optical techniques, nonintrusive and, therefore, do not disturb the electric field distribution. Furthermore, the sensitivity of the method increases at higher voltages due to the quadratic nature of the Kerr effect. The major disadvantage of Kerr effect where X is the wavelength of the light traversing the liquid, B is the Kerr constant, and E is the electric field in the liquid. The phase difference between the parallel and perpendicular polarization components of the light after traversing the liquid is measurements is that they yield path integrated data of the E-field. Thus spatially resolved E-field data can only be obtained assuming that either the E-field is constant and the geometry is known or the E-field is, for example, cylindrically symmetric. In this paper 2-D spatially resolved asymmetric distributions of the electric field are reconstructed from multiangle optical Kerr effect measurements. The method combines the advantages of the two measurement methods mentioned above yielding spatially resolved data with increasing sensitivity at higher Efields from nonintrusive measurements. With today's fast light detector and electronic technology time resolved measurements of the projections can be performed allowing measurements of the spatial and temporal development of, for example, electric fields and space charge accumulations. 8 The method is, like many other Kerr effect methods, restricted to determining the E-field distribution in a measurement plane where the direction of the E-field is relatively uniform.
The theory of the Kerr effect and the principles of tomographic reconstruction are briefly described in Secs. II and III. Section IV presents an experimental demonstration of the measurement method and typical results. A discussion of errors, including a comparison between experimentally recorded and theoretically calculated electric field distributions, is given in Sec. V. Finally, conclusions and a summary are presented in Sec. VI.
II. Kerr Effect
The Kerr effect is described in any optics textbook 
where L is the length of the Kerr cell, and the electric field is assumed to be dependent on the distance 1. If the phase difference is assumed to be constant over a short distance lo, the E-field can be calculated according to
With an experimental arrangement such as the one depicted in Fig. 1 the phase shift can be detected. Assuming a vertical electric field, the first polarizer is oriented 450 to the electric field direction and the second polarizer perpendicular to the first. This converts the phase difference to an intensity modulation at the detector according to
where Io is the incident light intensity, A accounts for light losses, and I is the intensity at the detector. Using, e.g., Eqs. (3) and (4) the E-field can be determined from intensity measurements. The liquid used in the experiments described in Secs. IV and V was nitrobenzene because of its high Kerr coefficient. Other liquids such as water or oil also exhibit the Kerr effect, although the Kerr coefficient is 2 and 3, respectively, orders of magnitude lower than that of nitrobenzene. 2 " 1 1 Thus the same general methods demonstrated experimentally on nitrobenzene in this and other papers can in principle be used in studies of devices containing other liquids.
The accuracy of the calculated E-field is, of course, dependent on the accuracy of the length lo and the Kerr coefficient B in Eq. (3) . The length will be treated in Sec. V, and the Kerr coefficient is discussed briefly here following Ref. 10 . The Kerr coefficient of nitrobenzene has been shown to depend on the frequency of the applied E-field, the wavelength of the incident light, and the temperature of the liquid. The frequency dependence is, however, less than ±1% for frequencies below 109 Hz. The wavelength dependence is governed by the product B X, which is constant within a few percent in the wavelength region from 630 to 500 nm. If a monochromatic light source such as a laser is used, the dispersion can be neglected, but the Kerr coefficient has still to be corrected for the difference between the laser wavelength and wavelength for which the Kerr coefficients are tabulated. The temperature dependence of the Kerr coefficient of nitrobenzene at X = 632.8 nm has been shown to be 10 B (7) = 8.085-5.450 X 10 3 1 + 9954 X 10.2
Here the Kerr coefficients have been normalized to T -298 K.
For the experimental conditions of this paper ( = 575 nm, T = 295 K) the Kerr coefficient is 3.71 X 1010 cm/V 2 according to Ref.11 . The accuracy of this value is ±6%. However, other determinations of the Kerr coefficient given in the literature differ from the above value by nearly a factor of 2. Therefore, the constant was checked in the present paper using the same electrical and optical arrangement as in the tomographic measurements described below ( Fig. 1 ) with the difference that the electrode system was exchanged for a parallel plate Kerr cell (see Ref. 1) . With this electrode arrangement the E-field is uniform between the plates, and the geometry is well known. The influence of the electric field at the edges of the parallel plates was calculated and compensated for using the computer program described in Sec. V. This yielded a Kerr coefficient B = 3.82 X 10-10 cm/V 2 at X = 575 nm and T = 294 K. The tomographic experiments were performed at T = 295 K making a small temperature correction according to Eq. (5) 
Tomographic Reconstruction Method
As mentioned in Sec. I, tomography is the general term for mathematical methods which reconstruct a 2-D map of a parameter from multiangular line integral measurements of the parameter (projections). Figure  2 shows the principal arrangement of the parallel beam geometry used in this paper. (xy) denotes the distribution of the parameter to be determined, and p(r,O) are the projections. In this paper each projection consists of many parallel line-integrated measurements of the phase difference induced by the Kerr effect [see Eq. (2)]. A 2-D map of the spatially resolved phase difference distribution (xy) is tomographically reconstructed using projections from different angles 0. From this phase difference map the E-field distribution E(x,y) is calculated using Eq. (3). In this paper the 2-D E-field distribution was reconstructed from only a few projections, i.e., with less information than in, for example, x-ray imaging. The use of few projection angles naturally limits the spatial resolution of the reconstructed picture. Suppose that the maximum spatial frequency of the phase differ- 
where 2R is the diameter of the reconstructed distribution. The equation is valid assuming an adequate SNR. In the experiments in this paper eight projection angles (M = 8) were used to reconstruct a 41-X 41-pixel picture. Thus, if R 25 is assumed, the maxi- mum spatial frequency is max 0.051; i.e., the minimum spatial period for which one full sine wave is reconstructed correctly is 1/4max 20 pixels. A similar calculation to consider the bandlimiting effects of the limited number of equally spaced rays in each projection N yields
In this paper, however, Eq. (7) The two major groups of algorithms are the convolutional backprojection and Fourier transform methods and the iterative methods. The first group, which has been successfully used in medical x-ray imaging, has the advantage of being computationally simple and fast. They are, however, not suited for reconstruction problems having few projection angles. The iterative methods are computationally slower but appear superior to the first group in treating systems with few projections (Ref. 13 and references therein). In the present paper algebraic reconstruction technique (ART) algorithms are used.1 4 These algorithms iteratively adjust an estimation of 6(x,y) by comparing projections calculated from the estimated 6(x,y) with the corresponding experimental projections until conver-
ART algorithms converge at different solutions, each optimizing some criterion for the reconstructed image given the constraints of the projections. In this paper the multiplicative ART (MART) algorithm, 1 4 which has been shown to converge at the maximum entropy solution,' 5 was used.
Below the reconstruction procedure of MART is briefly described using the notation of Ref. 14 +1 =Pj (8) *Here subscript i denotes the pixels, and subscript j refers to the projection channels. &i are the phase difference values of each pixel, pj are the experimental projection data, and pjq are the calculated projection data from the reconstructed picture after the qth iteration. Wq is a relaxation factor.
The original MART algorithm has been modified to reduce reconstruction artifacts. The modifications include (1) exact discretion, i.e., the overlap between the projection rays and each pixel is calculated exactly; (2) variable underrelaxation; and (3) random selection of the order in which the projections are chosen in the iterative process. The first modification suppresses streaking artifacts known to occur in ART-type algorithms, and the second and third reduce the negative influence of noise and inconsistencies in the experimental projection data. These modifications are important, especially in areas of the picture where the Efield is relatively low. This is because the E-field is proportional to 5 [see Eq. (3)], and, thus, when the phase difference data (x,y) are inverted to E-field data, small reconstruction errors in the phase difference map influence the E-field map more strongly in the low E-field areas than in the high E-field areas.
IV. Experimental Procedure and Results
In this section the method described above is demonstrated experimentally. The experimental arrangement is shown in Fig. 1 . A pulse transformer produced 30-/os long high voltage pulses with a 10-Hz pulse repetition frequency. The pulses were fed to the turnable 4-X 20-mm brass electrode (see Fig. 1 ), which was asymmetrically positioned in a nitrobenzene filled reservoir (Kerr cell) 2.8 mm above a flat grounded bottom plate. The voltage pulses were measured with a commercial high voltage probe connected to an oscilloscope. Pulsed voltages were used instead of dc voltages to avoid problems with accumulating space charges and the turbulence well known to occur in nitrobenzene that has not been carefully purified. ' The light source used in this experiment was an excimer laser pumped dye laser (Lambda Physik) which emitted sufficient monochromatic pulses at X = 575 nm. The laser beam had to be strongly attenuated not to saturate the detector. The short pulse duration (15 ns) ensures that the pulsed E-field in the Kerr cell is stable during exposure of the light pulse. After expanding the beam to -9-cm diameter it illuminated the Kerr cell, which was placed between crossed polarizers. A lens images the intensity distribution on a horizontally mounted linear diode array detector with 1024 diodes (Reticon). Figure 3 shows a typical intensity distribution at the detector at a projection angle of = 112.50. The diode array detected the fringes -0.5 mm above the bottom plate. In Fig. 4 a typical recording by the diode array for = 112.50 is shown.
The experimental recordings were evaluated assuming that the electric field was vertical, i.e., perpendicular to the bottom plate at the recording level 0.5 mm above the bottom plate. This was experimentally confirmed by observing the intensity pattern with the first polarizer vertically and the second horizontally oriented. With this orientation no phase shift between the two polarization states is induced if the E-field is vertical, and thus no light is transmitted through the second polarizer. In this case the E-field was observed to be nearly vertical up to -0.75 mm above the bottom plate. Deviations from the vertical field direction up to 100 were observed in the measurement plane below the edges of the electrode. The influence of this deviation on the measurement accuracy is discussed in the next section. The experimental recordings of Fig. 4 were stored on floppy disks and transferred to a NORD 500 minicomputer. Evaluation of the recordings and the mathematical processing leading to a 2-D E-field map were performed with an interactive computer program. The total phase delay of the projections is calculated assuming the sin 2 intensity dependence of Eq. (4). Figure 5 shows the total phase delay in radians for all eight projections. Before the tomographic reconstruction the 1024 channel projections were reduced by averaging to 61 channels to reduce reconstruction computer time. The modified MART algorithm applied to these projections produces a 2-D phase difference map in a 41-X 41-pixel picture. Knowing the size of each pixel (lo = 1.045 mm) the E-field distribution is calculated from the phase difference map using Eq. (3). Figure 6 shows the E-field distribution in a plane 0.5 mm above the bottom plate; 17.2 kV was applied to the 20-X 4-mm electrode, and the distance between the electrode and bottom plate was 2.8 mm.
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The maximum E-field in the reconstruction is 51 kV/cm.
The wavelike surface of the low E-field areas of the picture is due to small reconstruction errors in the phase difference map that have been amplified 
Measurement Accuracy
To estimate the accuracy of the E-field measurements presented in the previous section, similar measurements were performed with a cylindrical electrode. Due to the cylindrical symmetry of this experimental arrangement, the E-field could be calculated theoretically for comparison to the experimental results. The measurements and reconstructions were performed according to the description in Sec. IV except for the exchange of the rectangular electrode for a cylindrical electrode of 20-mm diameter. The voltage on the electrode was 14.3 kV, and the distance between the electrode and bottom plate was 2.3 mm. Figure 7 shows the reconstructed E-field 0.5 mm above the bottom plate. The center of the cylindrically symmetric distribution is positioned slightly behind the center of the picture.
It is well known from any textbook on electromagnetic field theory (e.g., Ref. 16 ) that the potential field in a dielectric medium is determined by Poisson's equation:
where v 2 is the Laplace operator, U is the potential, p is the space charge density, is the relative permittivi- 
When the potential U has been determined from Eq.
(9) or (10) the E-field can be calculated according to
The Poisson and Laplace equations cannot normally be solved analytically in three dimensions. Fortunately, a user friendly computer program that solves these equations numerically for cylindrically symmetric geometries was readily available from the Department of Theoretical Physics at the Lund Institute of Technology. 17 Normally this program is used for studies of 3-D heat flows and temperature fields. These phenomena are governed by the same basic equations as the electric field and the electric potential. The program, which will not be discussed in detail here, iteratively converges toward a solution to Eq. (9) given a set of boundary conditions. In this case the boundary conditions were 14.3 kV at the electrode and 0 kV at the bottom plate. Furthermore, it was assumed that far from the electrode the derivative of U in the radial r-direction is 0 (U/ar = 0), and far from the bottom plate the same is assumed for the vertical zdirection (U/Oz = 0). The result of the calculation is shown in Fig. 8 , where it is depicted in the same type of figure as used in the experimental work for comparison. The center of the calculated cylindrically symmetric distribution is positioned at the samp coordi- as observed experimentally near the edges of the rectangular electrode. The same experimental observation was made with the cylindrical electrode, and the theoretical calculations confirm a deviation of 100 near the edges of that electrode. This reduces the measured phase difference in the edge region and thus lowers the experimental values around the electrode edge in Fig. 9 . Another factor that might influence the shape of the E-field reconstruction in the edge region is that only eight projections are used, and thus the highest spatial frequencies might be somewhat suppressed.
Some additional sources of error in the experimental reconstruction procedure should be mentioned. Although these errors are discussed with reference to the experimental arrangement used in this paper they are of general interest for any experimental studies using Kerr effect tomography.
(1) As mentioned in Sec. III, reconstruction errors in the low E-field areas of the phase difference map are amplified when they are inverted to E-field values using Eq. (3) due to the square root dependence of E on 5 . This is easily observed in Figs. 6 and 7, where the well-known streaking effects of the ART-type algorithms induce errors in the phase difference map, which are then amplified to a wavelike surface. The reconstruction errors in the low levels of the phase difference map was -1-2% of the peak phase difference value. These errors are then amplified through Eq. (3) to 10-15% of the peak E-field value. These reconstruction artifacts are obviously reduced if a larger number of projection angles are used. Contrary to the situation in the low E-field areas, the peak E-field values are very insensitive to reconstruction noise due to the square root dependence of Eq. (3).
(2) Due to the relatively low resistance of unpurified nitrobenzene, the liquid between the electrode and bottom plate will be heated. This creates a thermal lens, which deflects the laser beam. In the measurements with the cylindrical electrode in this experiment, the deflections were negligible. Using the rectangular electrode, however, the deflection clearly influenced the projection at 0 = 90° leading to a somewhat wider projection profile than actually should have been the case. As the other projections were much less affected, this error is not expected to have influenced the reconstructed E-field distribution substantially.
(3) As mentioned in Sec. II, the Kerr coefficient is dependent on the temperature of the nitrobenzene. The temperature in the liquid between the electrode and bottom plate was measured with a copper-constantan thermocouple. It was determined to be 295 t 0.5 K. The Kerr coefficient for this temperature was determined in Sec. II to be B = 3.71 X 10-10 cm V-2 ± 6%. Heating due to the applied voltage pulses was <1 K with the cylindrical electrode. The error in the Kerr coefficient due to this and other temperature variations during the experiment is expected to be less than +2%.
(4) The pixel size was determined to be = 1.045 mm + 5%. This error is mainly due to aberrations in the imaging and the light detection system, which results in a somewhat nonuniform pixel size. However, the errors in the Kerr coefficient B and in the pixel size lo do not impair the accuracy of the reconstructed E-field very much. Due to the square root dependence of Eq. (3) the relative error in the Efield only carries half of the relative errors in B and 10. Thus these errors are mostly small, especially in the low E-field areas, compared with the reconstruction errors discussed above. The opposite situation might occur, especially in the high E-field areas, if many projection angles were used. Then the streaking and noise-induced reconstruction artifacts would be reduced.
VI. Summary and Conclusions
In this paper a nonintrusive optical method to measure 2-D distributions of electric fields in dielectric liquids has been presented. The 2-D E-field distribution is reconstructed from multiangular Kerr effect measurements with mathematical algorithms developed in computerized tomography. The method assumes a relatively uniform field direction in the plane were the E-field distribution is to be measured. Although the measurement technique was demonstrated on a special experimental arrangement it is a general method for measurement of E-field distributions in any high voltage device that contains a liquid showing the Kerr effect and allows multiangular optical access. In liquids having low Kerr coefficients (e.g., oil) the projection data have to be measured with more sensitive techniques than have been done here (e.g., Ref.
18).
In many practical situations, however, it is not possible to obtain complete projection data because opaque objects block the optical access. Such limitations of, e.g., the accessible projection angles naturally reduce the spatial resolution of the reconstruction. For such situations it should be noted that special algorithms for tomographic reconstruction from incomplete projection data have been developed (e.g., Ref. 19) .
The major sources of error in this experiment are a somewhat nonuniform E-field direction in the measurement plane and reconstruction errors due to streaking artifacts and noise in the projection data. The reconstruction errors primarily affect the low Efield values. This would be reduced if a greater number of projection angles were used.
Spatially resolved E-field measurements are important in many applications such as the general understanding of the electric properties of dielectric liquids and in the design of high voltage devices such as, e.g., Kerr cells for voltage measurements and high voltage transformers. In the latter case the method should be important in locating regions of greatest electrical stress where breakdowns are more likely to occur. Furthermore, with multiangular experimental configurations allowing simultaneous recording of the different projections, the transient buildup of an electric field in a single event could be measured. Studies of the spatial and temporal distribution of space charges and their influence on the E-field distribution are also feasible. Excellent time resolution can be obtained using pulsed laser light sources.
